All types of blood cells are formed by differentiation from a small selfmaintaining population of pluri-potential stem cells in the bone marrow. Despite abundant information on the molecular aspects of division, differentiation, commitment and maturation of these cells, comparatively little is known about the dynamics of the system as a whole, and how it works to maintain this complex "ecology" in the observed normal ranges throughout life. Here we report unexpected large, scale-free, fluctuations detected from the first long-term analysis of the day-to-day variability of a healthy animal's blood cell counts measured over one thousand days. This scale-invariance cannot be accounted for by current theoretical models, and resembles some of the scenarios described for self-organized criticality. [5] , and lung inflation [6] . How these fluctuations are generated by regulatory physiological mechanisms and what their relevance is in biology is the focus of much current interest. In addition, it has been argued that scale-invariance in itself can be the fingerprint of a biological system poised at a critical state, resulting in improved dynamics with robust tolerance to error, and at the same time remaining very susceptible to change [7] . Roughly speaking, this idea of self-organized criticality as a homeostatic mechanism is that systems with many interacting non-linear parts could find themselves moving toward the critical state (i.e. "self-organizing") simply because it would be absolutely impractical to administer it in any centralized way. Here we show that the regulation of the number of the formed elements in blood also has scale-invariant properties. We found that the day-to-day variability in the number of platelets (PLA), red (RBC) and white blood cells (WBC) from two healthy sheep observed for one thousand days is scale-invariant over a range spanning from a few to over two hundred days.
The existence of scale-invariant fluctuations in nature is well-documented [1] . Scaleinvariance refers [1, 2] to the absence of a single time or length scale characteristic of the (temporal or spatial) pattern of change. In such cases fluctuations happen at all scales, unlike the more familiar cases in which there is a simple statistical spread around a defined mean value. Scale-invariance has been shown for fluctuations in heart rate [3] , gait dynamics [4] , DNA nucleotide sequences [5] , and lung inflation [6] . How these fluctuations are generated by regulatory physiological mechanisms and what their relevance is in biology is the focus of much current interest. In addition, it has been argued that scale-invariance in itself can be the fingerprint of a biological system poised at a critical state, resulting in improved dynamics with robust tolerance to error, and at the same time remaining very susceptible to change [7] . Roughly speaking, this idea of self-organized criticality as a homeostatic mechanism is that systems with many interacting non-linear parts could find themselves moving toward the critical state (i.e. "self-organizing") simply because it would be absolutely impractical to administer it in any centralized way. Here we show that the regulation of the number of the formed elements in blood also has scale-invariant properties. We found that the day-to-day variability in the number of platelets (PLA), red (RBC) and white blood cells (WBC) from two healthy sheep observed for one thousand days is scale-invariant over a range spanning from a few to over two hundred days.
Even in healthy subjects [8, 9] the number of blood cells fluctuates from one day to the next. Health practitioners are very aware of this fact, to the point that these quantities are usually described as ranges or maximal limits and not as means and standard deviations.
In other words, for these variables normality could be defined in one sense as "fluctuations within a normal range". Figure 1 shows the daily values (over 1000 days) for blood cells taken from two healthy sheep. Overall, the values observed are consistent with the normal range reported [10] in the literature for these animals. Simple inspection of the data reveals fast, medium and slow fluctuations, and a certain degree of correlation in the behaviour of the time series between the animals, as if they were responding in a similar way to some common external factor. What is the nature of the extensive fluctuations seen in all the series plotted in Figure 1 ? According to current understanding [8] , homeostatic mechanisms act to compensate the loss of a given number of cells by speeding up the process of maturation of precursors, i.e., there is a negative feedback loop attempting to maintain constant the number of blood cells. The precise characterization of the observed fluctuations is important in assessing the adequacy of current models, because much is known about the dynamics which regulatory mechanisms of this kind are capable of exhibiting [8] . Thus one could reject or accept classes of models, or propose the need for novel ones, depending on the type of fluctuations found experimentally.
The dynamics of any underlying control process is expected to be reflected in the temporal correlation between the data points; this is the physiologically important information we are interested in. We consider here two extreme (null) hypotheses: the first is to assume a tight feedback mechanism perturbed by some jitter where one should simply see a mean value contaminated with white noise. The second corresponds to the very unlikely case that no control is exerted to compensate for blood cell losses, resulting in a random walk motion, in which the fluctuation is just generated by the day-by-day summation of statistically independent increments or decrements. To compare our observed time series against these two possibilities, surrogate data sets were constructed to mimic the null hypotheses cited above.
In Figure 2 , the raw time series of red blood cells of one animal is plotted in the top panel. Panels denoted S1 and S2 depict the surrogate series of the first and second types respectively. The first one (S1) is constructed by re-ordering at random the raw values of the top panel, like shuffling a deck of cards. In this way, any temporal relationship between the counts on one day and the next in the original data is broken, and the resulting time series is white noise. Surrogate S2 is built by (1) generating an accessory file with the day-to-day differences of the raw data in the top panel; (2) randomizing the order of the data points from this accessory file, and (3) integrating the result over the whole length of the file to synthesize a new time series. Surrogate type 2 is therefore a random walk-like signal. By using different random orderings, one can build many examples or realizations of these types 3 of surrogates.
To quantify the characteristics of the temporal correlations in the data we use detrended fluctuation analysis (DFA) [11] . This method has been used successfully to analyze biological time series, circumventing some technical difficulties, such as trends and non-stationarities.
The DFA algorithm involves the following steps: 1) Denoting C j as the blood cell daily count of interest on the j −th day, produce a new time-integrated series
where C av is the average of all C j . 2) The new series y i is subsequently divided into boxes of equal length n, and in each box a least-squares line is fitted to the data, representing the trend over the chosen time interval. 3) Define and calculate F (n) as the square root of the mean of the squares of the residuals in all boxes of length n for a given value of n. Thus, The value of β provides additional information regarding the nature of the process, because 0 < β < 1 implies that a high value is more likely to be follow by a small value and viceversa, i.e., there is anti-correlation between values collected on successive days. The fact that we found a wide range (1-200 days) over which this scaling factor holds, indicate that the mechanism responsible for the anti-correlated dynamics operates at all time scales, something that a regulatory system as a simple negative feedback-like loop is incapable of doing.
We must therefore reject the two null hypotheses considered. The fact that the data is not white is surprising, since this is the most likely possibility if there is simple feedback control such as that postulated to relate erythropoietin production and erythrocyte number.
The fact that the data is not a random walk does at least suggest that control is present, and that it is non-trivial. Substantial work exists regarding the architecture of haematopoietic regulation, including the seminal work of Mackey [8] but interestingly enough no model
has as yet reproduced the scale-invariance reported here. We suspect that an important part of the fluctuations we have observed reflects genuine intrinsic dynamics of the system, which possesses a very large number of parts. To account for these observations, models which preserve this very large number of degrees of freedom are needed. The behaviour here reported for sheep has also been suggested [12] to be present in human neutrophil counts, albeit using a far shorter time series than ours. To show that this type of scale invariance is indeed present in humans without going to the extreme of daily sampling, it could be possible to collect data from many individuals who have been subject to blood sampling and counting on at least two occasions a known number of days, months or years apart and showing the self-affine transformation that preserves the statistical properties of the trace. Using α = 1.00 calculated for the raw data ("R") in panel a, if one expands the time axis by k and the y axis by k α then over both observation periods (230 and 23 days) it should be possible to observe an excursion which occupies the entire range of y as indeed is seen in the figure.
